To yield cholinesterase (ChE) from prokaryotic expression, the ChE gene that belongs to Daphnia magna was amplified by reverse transcription-polymerase chain reaction (RT-PCR) using forward primer 5'-CCCYGGNGCSAT GATGTG-3' and reverse primer 5'-GYAAGTTRGCCCAATATCT-3'. To express the gene, one sequence of the amplified DNA, which was able to encode a putative protein containing two conserved carboxylesterase domains, was connected to the prokaryotic expression vector PET-29a(+). The recombinant vector was transformed into Escherichia coil BL21 (DE3). Protein expression was induced by isopropy-D-thiogalactoside. The expressed ChE was used as an immunogen to immunize BALB/c mice. The obtained antibodies were tested for their specificity towards crude enzymes from species such as Alona milleri, Macrobrachium nipponense, Bombyx mori, Chironomus kiiensis, Apis mellifera, Eisenia foetida, Brachydanio rerio, and Xenopus laevis. Results indicated that the antibodies had specificity suitable for detecting ChE in Daphnia magna. A type of indirect and non-competitive enzyme-linked immunosorbent assay (IN-ELISA) was used to test the immunoreactive content of ChE (ChE-IR) in Daphina magna. The detection limit of the IN-ELISA was found to be 14.5 ng/ml at an antiserum dilution of 1:22 000. Results from tests on Daphnia magna exposed to sublethal concentrations of triazophos indicated a maximal induction of 57.2% in terms of ChE-IR on the second day after the animals were exposed to a concentration of 2.10 μg/L triazophos. Testing on animals acclimatized to a temperature of 16 °C indicated that ChE-IR was induced by 16.9% compared with the ChE-IR content detected at 21 °C, and the rate of induction was 25.6% at 10 °C. The IN-ELISA was also used to test the stability of ChE-IR in collected samples. Repeated freezing and thawing had no influence on the outcome of the test. All these results suggest that the polyclonal antibodies developed against the recombinant ChE are as efficient as those developed against the native ChE in detecting ChE content in Daphnia magna.
Introduction
Cholinesterases (ChEs) are a group of serine hydrolases that are liable to be inhibited, either in vivo or in vitro, by anticholinesterases such as organophosphates (OPs) and carbamates (CBs) (Villatte and Bachmann, 2002; Hackenberger et al., 2008) . This extraordinary characteristic makes it possible to use them to predict field existence and stress induced by these chemicals (Sanchez-Hernandez et al., 1998; Stien et al., 1998; Cajaraville et al., 2000; den Besten et al., 2001; Abdel-Halim et al., 2006; Denoyelle et al., 2007; Sáenz et al., 2010; van Oosterom et al., 2010; Printes et al., 2011) . To this end, the "normal" activity of ChE should first be confirmed.
It is known that in vivo activity of ChE is affected by inherent factors, such as age, genotype, circadian rhythms, sex, and nutritional status. External factors such as food supply, ambient temperature, and water quality can also alter in vivo activity of the enzyme (Hill, 1989; Phillips et al., 2002; Xuereb et al., 2007; Garabrant et al., 2009) . These factors impair determination of the "normal" activity of ChE and thus hinder identification of "abnormal" activity, including that caused by anticholinesterases.
"Normal" activity is a feature that is determined by the molecular structure of the enzyme. Neither the inherent nor the external factors can change activity without altering the content of the enzyme in the body. To ascertain the "normal" activity of ChE in samples, a technique is required that is capable of quantifying the content of the enzyme. Due to its quick, sensitive, and cost-effective nature, an immunoassay, such as enzyme-linked immunosorbent assay (ELISA), is well suited for fulfilling this task (Khattab et al., 1994; Li et al., 2005; Khattab and Ali, 2007) .
Daphnia magna is a species of zooplankton that belongs to the phylum Arthropoda, Class Crustacea, Order Cladocera, and Family Daphniidae. It consumes algae and other small phytoplanktons and in turn acts as prey for freshwater fish and large aquatic invertebrates. Due to its worldwide distribution and the importance of the species in maintaining the sustainability of aquatic ecosystems, the animal has long been noted for its responses in terms of ChE during anticholinesterase exposure (Gälli et al., 1994; Guilhermino et al., 1996; Barata et al., 2001; Carvalho et al., 2003; Duquesne, 2006; Vesela et al., 2006; Damásio et al., 2007; Jemec et al., 2007; Printes et al., 2008; Duquesne and Küster, 2010; Coelho et al., 2011; Li and Tan, 2011) .
For better utilization of the species in predicting field exposure to OPs and CBs, a batch of polycolonal antibodies has been produced by immunizing mice with a type of ChE separated from whole bodies of Daphnia magna (Liu et al., 2012a) . The procedure proved to be laborious and inefficient, and had low throughput, and both the quality and quantity of the antibodies were limited by the status of the population from which the immunogens (i.e. Daphnia magna ChEs) were separated. A more effective method for producing the immunogen is therefore needed.
The development of molecular biology makes it possible to produce the immunogen within strains of bacteria or fungi. To do so, the ChE gene should be amplified and then expressed. The aim of this study was to produce polyclonal antibodies against the recombinant protein ChE of Daphnia magna, to determine characteristics of the antibodies, and to explore the efficiency of the antibodies in utilization.
According to published information, no type of ChE gene has been amplified from species that belong to the Class Crustacea. However, several types of ChE have been amplified from insects such as Aedes aegypti (Anthony et al., 1995) , Aphis gossypii (Li and Han, 2002) , Plutella xylostella (Ni et al., 2003) , Pseudophacopteron canarium (Lin et al., 2007) , Culex pipiens , Drosophila melanogaster (Zhang, 2008) , and Anopheles gambiae (Jiang et al., 2009) . Among these, some have been expressed in strains of bacteria or fungi (Anthony et al., 1995; Zhang, 2008; Jiang et al., 2009 ). The results of these studies were helpful for designing primers and selecting vectors and hosts in the present study.
Materials and methods

Reagents
Host bacteria, Escherichia coli BL21 (DE3) and E. coli DH5α, were donated by the Institute of Biotechnology, Zhejiang University, China. The pMD19-T vector, PET-29a(+) plasmid, Expand High Fidelity PCR system, HisTALON™ Gravity Columns Purification Kit, DNA Recovery Kit, and all of the restriction enzymes were purchased from TaKaRa (Dalian, China). Horseradish peroxidase (HRP)-labelled goat anti-mouse immunoglobulin G (IgG), Coomassie Brilliant Blue G-250, acetylthiocholine iodide, propionylthiocholine iodide, Freund's complete adjuvant, Freund's incomplete adjuvant, and bovine serum albumin (BSA, with a molecular weight (MW) of 67 000) were purchased from Sigma-Aldrich (Steinheim, Germany). Tramethylbenzidine (TMB), which consists of solutions A and B, was purchased from the Yingchuang Company (Huzhou, China). TRIzol Kit and Amplex Red Acetylcholine/Acetylcholinesterase Assay Kit (A12217) (which contains Amplex Red reagent, dimethyl sulfoxide, HRP, hydrogen peroxide, and choline oxidase originating from Alcaligenes sp., etc.) were bought from Invitrogen (Eugene, Oregon, USA). Defatted milk was purchased from the Shanghai Chemical Reagents Company (Shanghai, China). All other chemicals were sourced domestically and were of analytical grade, unless otherwise stated.
Daphnia magna
The organisms employed in this study were obtained from the Chinese Center for Disease Control and Prevention (Beijing, China) and belong to breed 62 of Daphnia magna (DM). The breed was maintained in M 4 medium (Elendt and Bias, 1990) and fed with unicellular algae Scenedesmus subspicatus. The following settings were maintained: water temperature (22±1) °C, pH 7.8±0.2, light intensity 1500-2500 lx, and a light cycle of 16 h light to 8 h dark.
RNA isolation, cDNA synthesis, and PCR
About 1 g of Daphnia magna was used as a sample for total RNA isolation. The Daphnia magna was ground in liquid nitrogen. The ground sample was stored at −80 °C until used. Isolation was performed using the TRIzol Kit according to the manufacturer's instructions. The quality of the isolation was assessed at 260 and 280 nm by NanoDrop ND1000 (Thermo Fisher Scientific, Waltham, MA, USA). Agarose electrophoresis, using Nucleic Acid Horizontal Electrophoresis Units (Bio-Rad Inc., USA), was carried out to visualize the integrity of the isolated RNA. The gel was stained with ethidium bromide (EB) and displayed using a gel-imaging analysis system Tanon-2500 (Tanneng Co. Ltd., Shanghai, China).
First strand complementary DNA (cDNA) was synthesized from 1 μg of total RNA. One microliter of oligo(dT) 15 and 1 μl of diethyl phosphorocyanidate (DEPC) water were added to 4 μl of RNA. After 5 min incubation at 70 °C, the mixture was placed on ice and 2 μl 5× buffer, 1 μl (200 U) ribonuclease inhibitor, and 1 μl of 10 mmol/L 2'-deoxynucleoside 5'-triphosphate (dNTP) mixture were added. After another 70 °C incubation for 10 min, 1 μl (200 U) RevertAid™ H Minus M-MuLV reverse transcriptase was added and the mixture was incubated at 42 °C for 60 min. The cDNA obtained was stored at −20 °C until used for polymerase chain reaction (PCR).
The ChE gene was amplified to take 5'-CCCYG GNGCSATGATGTG-3' and 5'-GYAAGTTRGCCCA ATATCT-3' as forward and reverse primers, respectively. One microliter of forward primer (10 mmol/L), 1 μl reverse primer (10 mmol/L), 2 μl dNTP mixture (2.5 mmol/L), 2.5 μl 10× Ex Taq buffer, 0.125 μl TaKaRa Ex Taq DNA polymerase, and 17.125 μl double-distilled water (ddH 2 O) were added to 1.25 μl cDNA. The total volume was 25 μl. The amplification started with 2 min pre-denaturation at 94 °C, followed by 33 cycles of 45 s denaturation at 94 °C, 40 s annealing at 52 °C, and 30 s extension at 72 °C, and the protocol was terminated after 10 min more of extension at 72 °C. The above procedure was completed using PTC-200 (Bio-Rad Inc., USA). The PCR products were analyzed by agarose electrophoresis. The isolates were stained with EB. To obtain purified DNA, the gel was cut and treated using a DNA Recovery Kit.
Gene transformation and sequence analysis
For connecting the amplified DNA to the vector pMD19-T, 4.5 μl purified DNA was mixed with 0.5 μl pMD19-T and 5.0 μl Solution I. The mixture was incubated at 16 °C for 3 h to finish the connection. The 10 μl of connected vector was spiked into 100 μl of competent cells of E. coli DH5α. The cell suspension was kept at 42 °C for 90 s and then kept on cold ice for at least 10 min to finish the transfection. To revive the cells to express the inserted ChE gene, the cell suspension was incubated in LB liquid medium for 1 h at 37 °C. To verify the transfection, the cell suspension was inoculated on an LB plate medium that contained 100 μg/ml ampicillin and incubated overnight at 37 °C. The untransfected cells of E. coli DH5α were incubated in the same way to serve as negative controls. Colonies appearing on the plate were collected and incubated for 6-8 h in LB liquid medium at 37 °C. The cell suspension was collected and used as a template to carry out PCR. Agarose electrophoresis of the PCR products was carried to visualize the result, and the isolates were stained with EB.
Cells that were confirmed by PCR to be transfected were sent to Sangon Biotech for gene sequence analysis. The results and the deduced amino acid sequences were compared using the National Center for Biotechnology Information (NCBI) BLAST network sources (http://www.ncbi.nlm.nih.gov/BLAST).
Generation of expression vectors and expression of ChE protein
To start protein expression, gene amplification was performed using the forward primer 5'-CCGA ATTCCCCYGGNGCSATGATGTG-3' that contains restriction site EcoRI, and the reverse primer 5'-GC GTCGACGYAAGTTRGCCCAATATCT-3' that contains restriction site SalI. The PCR products were digested with the restriction endonucleases EcoRІ and SalI and then ligated into the plasmid pET-29a(+) that was digested with the same enzymes. The recombinant plasmid pET-29a(+)-ChE was transfected into competent E. coli BL21 (DE3). To confirm the transfection, the recombinant plasmids were separated from the cells and digested with the abovementioned restriction endonucleases. Meanwhile, the cell suspension was used as a template to carry out PCR. Agarose electrophoresis was performed to visualize the results of the PCR and enzyme digestion, and the isolates were stained with EB.
Clones of E. coli BL21 (DE3) with the correct transformation were cultured at 37 °C in LB liquid medium containing 50 μg/ml kanamycin to achieve log phase growth of the bacteria. Isopropy-Dthiogalactoside (IPTG) was added, at a final concentration of 0.2 mmol/L, to induce protein expression in condition in which the optical density at 600 nm (OD 600 ) of the culture reached a value of 0.5-0.6. After 4 h induction, the culture was centrifuged for 15 min at 10 000g at 4 °C. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to visualize the expression, and the isolates were stained with Coomassie Brilliant Blue G-250.
Purification and renaturation of recombinant protein ChE
Clones with the correct transformation were cultured on a large scale using the procedure described above. The cells were harvested by centrifugation for 20 min at 8000g at 4 °C and resuspended in 6 ml cold HisTALON×Tractor buffer. After being spiked with 3 μl of nuclease, the resuspended cells were lysed on ice by sonication (200 W, 99 cycles of 3 s working and 5 s rest) and centrifuged for 20 min at 8000g at 4 °C. The supernatant was used as the source of the recombinant ChE.
The supernatants were batch-purified by nickelnitrilotriacetate (Ni-NTA) affinity chromatography according to the manufacturer's instructions. Briefly, a 50% slurry of Ni-NTA was added at a ratio of 1:4 (v/v) to the supernatant and mixed gently by shaking for 60 min at room temperature. The mixture was carefully loaded into an empty column of 20 cm× 1.2 cm. The column was washed with ten volumes of washing buffer and then eluted with five volumes of elution buffer. The eluent was added drop-by-drop to refolding buffer (0.1 mol/L Tris/HCl, 1.5 mmol/L reduced glutathione, 0.3 mmol/L oxidized glutathione, 0.35 mol/L guanidinium chloride, and 0.5 mol/L L-arginine, pH 8.0) with stirring, and then stored at 4 °C for 24 h to ensure adequate renaturation. Finally, the solution of the refolded recombinant protein was concentrated by ultrafiltration (Minitan ultrafiltration membrane with normal molecular weight limit (NMWL): 20 000; Millipore Corp., Bedford, MA, USA). At each purification step, the recombinant protein was assessed by SDS-PAGE, accompanied by staining with Coomassie Brilliant Blue G-250.
ChE activity measurement
Total activity of the recombinant protein was measured by a relatively sensitive method developed by Zhou et al. (2000) . The protocol was in accord with that described by Liu et al. (2012a) and Yang et al. (2013) . Acetylthiocholine iodide and propionylthiocholine iodide were used as substrates in this protocol. The protein content of the samples was determined by the method of Bradford (1976) using BSA as the reference.
Production of polyclonal antibodies against the recombinant protein ChE
Immunization of BALB/c mice
Two individuals of the BALB/c mice (7 weeks old) were immunized subcutaneously with the refolded recombinant protein ChE (Section 2.6) mixed with an equal volume of Freund's complete adjuvant. The mice were booster-immunized with the protein once every two weeks. At the same time, another two mice that were immunized with phosphate buffered saline (PBS) were used as negative controls and another that was not immunized was taken as a blank control. Blood was collected 7 d after the last immunization, clarified by 3-4 h incubation at 4 °C, and centrifuged for 15 min at 3000g. The supernatant was collected as antiserum and stored at −20 °C.
Determination of titer of antiserum
A type of indirect and non-competitive ELISA was carried out to detect titers of the antiserum (Liu et al., 2012b) . To start the procedure, the microplate was coated with 10 μg/ml of recombinant protein ChE (dissolved in 50 mmol/L carbonate-bicarbonate buffer, pH 9.6) by overnight incubation at 4 °C. The plate was washed three times with PBST (i.e. 10 mmol/L PBS containing 0.05% Tween 20, pH 7.4) and then blocked by 0.5 h incubation with 2% (0.02 g/ml) skim milk in PBS (300 μl/well) at 37 °C. After another step of washing, antiserum of various dilutions (1:16 000, 1:18 000, 1:20 000, 1:22 000, 1:24 000, 1:26 000, 1:28 000, and 1:30 000) that was diluted with PBST was added (100 μl/well). After 1 h incubation at 37 °C, the plate was washed and 100 μl of diluted (1:5000) goat anti-mouse IgG-HRP was added. After another 1 h incubation at 37 °C, the plate was washed and 100 μl TMB solution (i.e. a mixture of 400 μl 0.6% (6 mg/g) TMB dissolved with dimethyl sulfoxide (DMSO) and 100 μl 1% (0.01 g/ml) H 2 O 2 with 25 ml citrate-acetate buffer of pH 5.5) was added to activate the peroxidase reaction. The reaction lasted for 30 min and was stopped by adding 50 μl 2 mol/L H 2 SO 4 . The optical absorbance was measured at 450 nm (OD 450 ) by a Model 680 microplate reader (Bio-Rad Inc., Hercules, CA, USA). The titer of the antiserum was determined as the dilution that gave an OD 450 closest to the value of 1.0.
Determination of cross-reactivity
Species such as Daphnia magna, Alona milleri, Macrobrachium nipponense, Bombyx mori, Chironomus kiiensis, Apis mellifera, Brachydanio rerio, Eisenia foetida, and Xenopus laevis were employed as test species to prepare crude enzymes (antigens). Samples of Alona milleri and Chironomus kiiensis were collected from a pond within Huajiachi Campus, Zhejiang University, Hangzhou, Zhejiang Province, China. The Macrobrachium nipponense were purchased as sexually mature adults (>50 d) from the Hangzhou Dayang Aquaculture Company, Zhejiang Province. The Bombyx mori (variety Qiufeng×Baiyu) were purchased as diapaused eggs from the Silkworm Egg Production Company, Hangzhou, Zhejiang Province. The Apis mellifera were purchased as a queen colony from a beekeeper in Deqing, Zhejiang Province. The Brachydanio rerio (Tuebingen breed) were purchased as adults (≥60 d) from the China Zebrafish Resource Centre, Wuhan, Hubei Province. The Eisenia foetida (Taiping-2 breed) were purchased from an earthworm culturist in Jinhua, Zhejiang Province. Adult Xenopus laevis were kindly donated by the Guangzhou Institute of Biomedicine and Health, Chinese Academy of Sciences, Guangdong Province, China.
The Daphnia magna and Alona milleri were raised in the same conditions, as described in Section 2.2. Sexually mature adults were employed as specimens. The Chironomus kiiensis and Xenopus laevis were bred in tap water. Individuals of both species were raised from eggs. For Chironomus kiiensis, the larvae of the 4th instar were used, and for Xenopus laevis, tadpoles of stages 51-56. The eggs of Bombyx mori were induced to hatch before use. The larvae were fed with mulberry leaf. Those at the beginning of the 2nd instar were used as specimens. The bee colony was placed in a field and the worker bees were collected just before being used. The Eisenia foetida were raised in garden soil and fed with cow manure. Adults about 60 d old (with clitellum) were used as specimens. The adults obtained of Macrobrachium nipponense and Brachydanio rerio were temporarily raised in tap water and fed with commercial fish food for at least 7 d before being used.
In a proportion of 1:5 (w:v), the whole bodies (or tissues) of the animals were homogenized in icecold buffer containing 0.25% (2.5 g/L) Triton X-100, 1 mmol/L ethylenediaminetetraacetic acid (EDTA), and 50 mmol/L Tris (pH 7.5). After 30 min centrifugation at 10 000g and at 4 °C, the supernatant was collected as crude enzyme. The protein content of the crude enzyme was measured using the method of Bradford (1976) .
Serially diluted antiserum was allowed to react with crude enzymes according to the procedure described in Section 2.8.2 to determine the titers of the antiserum for different species. Before the test, the crude enzymes were diluted to a concentration of 4.7 mg protein/ml and the antiserum was diluted in series to ensure that optical absorbance close to the value of 1.0 could be obtained. The cross-reactivity of the antiserum was expressed as the ratio of the titer of the antiserum for Daphnia magna to that of the test species.
The ChE activity of the crude enzymes was determined using propionylthiocholine iodide as substrate by the method described by Liu et al. (2012a) and Yang et al. (2013) .
Development of ELISA
To determine optimal dilutions of antiserum
To investigate the optimal dilutions of antiserum for the ELISA, serially diluted antiserum (1:18 000, 1:20 000, 1:22 000, 1:24 000, 1:26 000, and 1:28 000) was used to react with recombinant protein ChE at 0.3, 0.6, 1.2, 2.5, 5.0, 7.0, 9.6, 15.0, and 20.0 μg/ml, respectively, according to the procedure described in Section 2.8.2. The optimal dilution of antiserum against a certain level of antigen was determined as the titer.
To establish a standard curve for determination of immunoreactive content of ChE (ChE-IR)
Recombinant protein ChE at various concentrations was allowed to react with antiserum according to the procedure described in Section 2.8.2. Dilution of the antiserum was in accordance with results of the experiment performed in Section 2.9.1.
The concentration of recombinant ChE was taken as the independent variable (x) and the measured OD 450 as the dependent variable (y) to establish the standard curve of y=a(1-e −bx ) by CurveExpert 1.3 following the route of "apply fit-user model…". 2.9.3 To determine the detection limit of ELISA Samples that contained no recombinant protein ChE were used to react with antiserum according to the procedure described in Section 2.8.2. Dilution of the antiserum was the same as that adopted in Section 2.9.1. The values at OD 450 were used to calculate the average (Ā) and the standard deviation (S). The test limit (x min ) was calculated using the formula x min = Ā−2S (Yang et al., 1998) . The standard curve, as established in Section 2.9.2, was taken to simulate the detection limit (y min ) of ELISA.
To determine the precision of ELISA
To determine the precision (i.e. repeatability) of the ELISA, different concentrations of recombinant protein ChE (1, 2, 4, 6, 8, and 10 μg/ml) were used to react with antiserum according to the procedure described in Section 2.8.2. Each concentration was spiked in 3 batches, each consisting of 15 replicates. Dilution of the antiserum was the same as that used in Section 2.9.2.
Applicability of the antiserum
2.10.1 Detecting ChE-IR in Daphnia magna exposed to sublethal concentrations of triazophos Concentrations of triazophos of 0.06, 0.35, and 2.10 μg/L were used, corresponding to 1/216, 1/36, and 1/6 half maximal effective concentration (EC 50 ) of the insecticide, respectively (Liu et al., 2012a) . The insecticide was spiked as a working solution of acetone. The final concentration of the acetone in dilutions (including the control) was set at 13 μg/L. The Daphnia magna were raised in 500-ml beakers that each contained 400 ml of a given triazophos dilution. Ten beakers were used for each of the concentrations (including the control). To start the exposure, 100 Daphnia magna of 7 to 14 d old were introduced to each beaker. The exposure lasted 21 d. Specimens were collected on the 2nd, 6th, 10th, 14th, 18th, and 21st days.
The collected specimens were used to prepare the crude enzymes at 4.7 mg protein/ml according to the protocol described in Section 2.8.3. The content of ChE in the crude enzyme was determined according the protocol described in Section 2.8.2. The dilution of the antiserum was the same as that adopted in Section 2.9.2.
Detecting ChE-IR in Daphnia magna acclimatized to different water temperatures
Daphnia magna 7 to 14 d old were acclimatized to water temperatures of 10, 16, or 21 °C for 21 d. Specimens were collected at the end of the acclimatization. The collected specimens were used to prepare crude enzymes at 4.7 mg protein/ml according to the protocol described in Section 2.8.3. The content of ChE in the crude enzymes was determined using the protocol described in Section 2.8.2. Dilution of the antiserum was the same as that used in Section 2.9.2.
Detecting the impact of repeated freeze-andthaw on ChE-IR levels in collected samples
Daphnia magna were collected from a population acclimatized to a water temperature of 21 °C. After collection, the specimens were subjected to two treatments, i.e. either six or twelve cycles of sequential freeze-and-thaw. During each cycle the specimens were frozen at −80 °C for 12 h and then thawed at 22.3 °C for 12 h. Specimens that were not subjected to freeze-and-thaw were used as controls.
Crude enzymes at 4.7 mg protein/ml were prepared according to the protocol described in Section 2.8.3. The content of ChE in the crude enzymes was determined according to the protocol described in Section 2.8.2. The dilution of the antiserum was the same as that used in Section 2.9.2.
Statistical analysis
One-way analysis of variance (ANOVA) and the consequent comparisons among treatments were conducted using data processing software DPS © following the route of "experimental statistics→ completely randomized design One-way ANOVA→ Duncan method".
Results
Sequence of ChE gene amplified from Daphnia magna
Based on the cDNA of Daphnia magna, DNA segments of about 200, 350, and 700 bp were obtained by PCR using 5'-CCCYGGNGCSATGATGT G-3' as forward primer and 5'-GYAAGTTRGCCC AATATCT-3' as reverse primer (Fig. 1b) . After collection and purification, the segments were connected to pMD19-T and then introduced into E. coli DH5α. The cells with correct transfections were sent for DNA sequence analysis. Results of the analysis indicated a 717-bp (Fig. 1c) nucleotide open reading frame (ORF) that encoded a putative protein consisting of 239 amino acid residues with a calculated molecular mass of 26 kDa. Sequence alignment at amino acid level indicated that the putative protein contained two conserved carboxylesterase domains: characteristic site 2 of carboxylesterase B (EDCLFIN IVTP) and serine activity site of carboxylesterase B (FGGNPHNITLFGESAG) (Fig. 2) . The DNA segments of about 200 and 350 bp showed low homology with the sequences of ChE.
Expression vectors
ChE genes were amplified using primers containing the restriction sites EcoRІ and SalI. The PCR fragment was then inserted into expression vector pET-29a. The expression vector obtained was a band of about 750 bp, identified by PCR amplification using the cell suspension as a template (Fig. 3a) . Subsequent digestion with EcoRІ and SalI produced DNA bands of 750 and 2500 bp that represented the target gene and the gene that belonged to the vector, respectively (Fig. 3b) . These results indicated that the expression vector pET-29a(+)-ChE had been successfully constructed.
Recombinant protein ChE
Results of SDS-PAGE for the transfected E. coli BL21 (DE3) and its inclusion bodies are summarized in Fig. 4 . The recombinant protein ChE, which had an expected molecular weight of 26 kDa, appeared as one of the major products in the cell lysates (Fig. 4a) . A single band of 26 kDa was obtained after the Ni-NTA affinity chromatography (Section 2.6) (Fig. 4b) . 
Activity of recombinant protein ChE
The activity of the recombinant ChE was investigated using acetylthiocholine iodide and propionylthiocholine iodide as substrates, respectively. The ChE was able to hydrolyze propionylthiocholine (Table 1) , but it was virtually inactive towards acetylthiocholine (Table 2) . Differences in terms of OD 450 correspond to Antiserum 1 and Antiserum 2. Since the immunogen employed was identical in this study, it is reasonable to believe that the difference was caused by the mice and that the immunoreactive character of the antibodies had little influence.
Based on the definition given in Section 2.8.2, the titers of Antiserum 1 and Antiserum 2 were 1:24 000 and 1:22 000, respectively, against a ChE concentration of 10 μg/ml (Fig. 5) .
As the titer of Antiserum 1 was higher than that of Antiserum 2, subsequent tests were conducted with Antiserum 1 unless otherwise stated. Table 3 shows rates of cross-reaction of the antiserum with the ChEs of different species. Taking the titer of the antiserum for Daphnia magna as reference, the antiserum showed high rates of cross-reaction (i.e. 33.33% and 18.67%, respectively) with the enzymes from Alona milleri and Macrobrachium nipponense, two species that belong to the Class Crustacea, whereas it showed low rates of cross-reaction (i.e. 5.33%, 3.53%, 3.07%, 0.87%, 2.20%, 2.33%, and 0.67%) with Bombyx mori, Chironomus kiiensis, Apis mellifera, Eisenia foetida, Brachydanio rerio (brains), Brachydanio rerio (whole bodies without brain), and Xenopus laevis (tadpoles), respectively (Table 3 ).
Cross-reactivity of antiserum
Development of ELISA
Optimal dilutions of antiserum
Results of the measurement of optical absorbance corresponding to various dilutions of antiserum and concentrations of antigen are listed in Table 4 . Based on the definition given in Section 2.9.1, the optimal dilution of antiserum should be 1:22 000 at ChE concentrations of 7.0, 9.6, 15.0, and 20.0 μg/ml, 1:20 000 at a ChE concentration of 5.0 μg/ml, and 1:18 000 at a ChE concentration of 2.5 μg/ml. As all values of OD 450 were much lower than 1.0 at ChE concentrations of ≤1.2 μg/ml, it is reasonable to infer that to upgrade the value of OD 450 , dilution of the antiserum needs to be reduced. b The concentration of the crude enzymes was 4.7 mg protein/ml; the data are expressed as mean±standard deviation
Fig. 5 Titer of antiserum
Concentration of recombinant protein ChE was set to be 10 μg/ml. Values were means of three separate measurements
Standard equation for determination of ChE-IR
The standard equation for determining the immunoreactive content of ChE was established at an antiserum dilution of 1:22 000. The relationship between signal (y) and concentration of recombinant ChE (x) follows the equation y=1.628 (1-e -0.1401x ) with a correlation coefficient (r) of 0.9981 and a standard deviation (S) of 0.0251 (Fig. 6) . The curve includes four points that are within the upper asymptote. It seems that samples with a ChE concentration of >10 µg/ml cannot be accurately quantified at antiserum dilutions of >1:22 000.
Detection limit of ELISA
The result of ten observations of "0" samples (i.e. samples that contained no ChE) indicated that the average (Ā) and the standard deviation (S) of OD 450 were 0.0087 and 0.0027, respectively. By inserting Ā and S into the formula y min =Ā−2S, a y min of 0.0033 is obtained. Inserting the value of 0.0033 into the standard equation shown above, a detection limit of 14.5 ng/ml is obtained.
Precision of ELISA
Actual levels of spiked ChE were tested at an antiserum dilution of 1:22 000. The results of the test are listed in Table 5 . The relative standard deviations (RSDs) of inter-and intra-batches were 3.17 and 3.90, respectively.
Applicability of antiserum
ChE-IR in Daphnia magna exposed to sublethal concentrations of triazophos
Fluctuations of ChE-IR in exposed Daphnia magna were tested at an antiserum dilution of 1:22 000. The results are listed in Fig. 7 . Induction in terms of ChE-IR was detected throughout most of the period of exposure. The maximal induction detected was 57.2% on the second day of exposure to 2.10 μg/L triazophos. The rate of induction declined over time. (×1000) OD 450 0.3 μg/ml * 0.6 μg/ml 1.2 μg/ml 2.5 μg/ml 5.0 μg/ml 7.0 μg/ml 9.6 μg/ml 15.0 μg/ml 20. No induction could be detected at any of the three concentrations (2.10, 0.35, and 0.06 μg/L) 21 d after the start of exposure.
ChE-IR in Daphnia magna acclimatized to different water temperatures
ChE-IR in Daphnia magna acclimatized to different water temperatures was tested at an antiserum dilution of 1:22000. The results are listed in Table 6 . The induction of immunoreactive content of ChE was greater at lower temperatures. The rate of induction was 16.9% at 16 °C and 25.6% at 10 °C.
Impact of repeated freeze-and-thaw on ChE-IR levels in collected samples
The level of immunoreactive content of ChE in collected specimens that underwent repeated freezeand-thaw was measured at an antiserum dilution of 1:22 000. Results are listed in Table 7 . There were no differences in ChE content between the treatments and the control.
Discussion
Structure and activity of recombinant protein ChE
The key to obtaining recombinant ChE is to design proper primers for PCR amplification. Since Daphnia magna is a species that belongs to the Phylum Arthropoda, the primers should be designed, from a phylogenetic systematic point of view, based on the species that belong to the Family Daphniidae, Order Cladocera, or Class Crustacea. Because no gene sequences of ChE that belong to these groups of species are reported in GenBank, the sequences that belong to insects, such as Prodenia litura Fabricius, Cocytodes coerulea Guenee, Phopalosiphum padi Linnaeus, and Aphis gossypii Glover, were taken into consideration. Five pairs of degenerate primers were designed: Results of PCR amplification based on the second pair of primers (i.e. F 2 and R 2 ) yielded a 717-bp ORF that encoded a putative protein consisting of 239 amino acid residues. The PCR fragments were connected to pET-29a and the pET-29a(+)-ChE obtained was expressed within E. coli BL21 (DE3). A recombinant protein ChE with a molecular weight of about 26 kDa was finally obtained. Phylogenetic analysis suggested that the overall homology between the recombinant ChE and the ChE from Spodoptera litura and Anopheles stephensi was 65.4% and 47.3%, respectively (Hall and Malcolm, 1991; Chen et al., 2010) .
The activity of the recombinant enzyme was tested using acetylthiocholine iodide and propionylthiocholine iodide as substrates. The enzyme seemed able to hydrolyze propionylthiocholine, but was virtually inactive for acetylthiocholine (Tables 1  and 2 ). According to Diamantino et al. (2003) , crude ChE from Daphnia magna showed a maximal activity of 19.92 U/mg protein for propionylthiocholine and a maximal activity of 8.15 U/mg protein for acetylthiocholine. The behavior of the crude enzyme verified the existence of ChE with propionylthiocholineaffinity similar to that of the ChE developed in this study and suggested coexistence with a ChE that had higher affinity towards acetylthiocholine.
ChE with propionylthiocholine-affinity was not found in species such as Chasmagnathus granulate, Palaemonetes pugio, and Gammarus pulex, the species that belong to the same Order as Daphnia. Crude enzymes from these species were more active for acetylthiocholine than for propionylthiocholine (Monserrat and Bianchini, 1998; Key and Fulton, 2002; Xuereb et al., 2009) . This suggests that the preference of the enzyme for propionylthiocholine might be a feature of the species from the Class Crustacea but not of those from the Order Cladocera. The significance of this feature in determining the immunoreactive character of ChEs needs to be explored further.
According to Yang et al. (2013) , the molecular weight of a subunit of native ChE was 84 kDa, a value that is over three times that of the recombinant ChE (i.e. 26 kDa). This suggests the failure to amplify the complete sequence of the ChE gene from Daphnia magna.
Specificity of the antiserum
Crude enzymes from a number of species were tested for their affinity for the antiserum. The anti recombinant ChE antiserum showed the highest rate of cross-reaction (i.e. 33.33%) with the enzyme from Alona milleri, a species that belongs to the Order Cladocera, and the second highest rate of crossreaction (i.e. 18.67%) with the enzyme from Macrobrachium nipponense, a species that belongs to the Order Decapoda. Both of these species belong to the Crustacea, the Class to which Daphnia magna belongs. The rates of cross-reaction of the antiserum with the enzyme from insects (Bombyx mori, Chironomus kiiensis, and Apis mellifera), Annelida (Eisenia foetida), fish (Brachydanio rerio), and Amphibia (Xenopus laevis) were negligible (all below 6%).
For practical purposes, the protein concentration of the crude enzymes was set to 4.7 mg protein/ml for all of the species tested in this study, but differences in terms of ChE activity were detected among the species. The ChE activity was as low as 0.2 U/mg protein in Chironomus kiiensis and as high as 87.6 U/mg protein in Brachydanio rerio (brains). It is known that the titer of the antiserum relates to the concentration of ChE but not the concentration of total protein. Thus, the cross-reaction was underestimated for the ChE from Chironomus kiiensis and overestimated for the enzyme from Brachydanio rerio.
According to Liu et al. (2012b) , the antiserum developed from native ChE had rates of cross-reaction of 10.19%, 2.81%, 2.13%, 3.93%, 5.00%, 3.88%, 3.56%, and 2.75% with the crude ChE from Alona milleri, Bombyx mori, Chironomus kiiensis, Apis mellifera, Eisenia foetida, Brachydanio rerio (brains), Brachydanio rerio (whole bodies without brain), and Xenopus laevis (tadpoles), respectively. The antiserum developed in this study behaved the same, except that it showed a higher rate of cross-reaction (33.33%) with the crude ChE from Alona milleri.
Sensitivity of ELISA
Based on the standard equation established by anti recombinant ChE antiserum at a dilution of 1:22 000, the detection limit of the method was calculated to be 14.5 ng/ml. This value is comparable to the value of 24 ng/ml that was derived from a similar protocol in which anti native ChE antiserum was used at a dilution of 1:8000 (Liu et al., 2012b) .
A protocol of competitive ELISA indicated a detection limit of 0.15 ng/ml when a type of polyclonal antibody was used for detection of butyrylcholinesterase content in avian blood (Khattab and Ali, 2007) . Another protocol of competitive ELISA indicated a detection limit of 5 ng/ml when a type of monoclonal antibody was used for detection of ChE content in human serum (Kondo et al., 1995) . These examples suggest the possibility of reducing the value of the detection limit by optimizing the protocols for ELISA.
Applicability of antiserum
Data summarized in Fig. 7 indicate elevation of ChE-IR in Daphnia magna exposed to sublethal concentrations of triazophos. Similar elevation was reported in the study by Liu et al. (2012a) . According to Kaufer et al. (1999) , animals accelerate synthesis of ChE when they are exposed to anticholinesterases so as to rectify the disabling of the enzyme. This process may compromise the determination of the actual inhibition of ChE. As indicated by Khattab et al. (1994) and Li et al. (2005) , the problem could be solved by predetermination of ChE-IR levels using antibodies. The results of the present study suggest that the polyclonal antibodies developed against the recombinant protein ChE are as efficient as those developed against the native ChE in detecting ChE content in Daphnia magna exposed to anticholinesterase.
Daphnia magna were acclimatized to ambient temperatures of 10, 16, and 21 °C in this study. ChE-IR was found to be induced at lower temperatures. The lower the temperature, the higher was the level of ChE-IR detected (Table 6 ). It has long been noticed that in vivo activity of ChE alters with ambient temperature. There are some species in which the activity increases with temperature (Hogan, 1970) , others in which it decreases (Baslow and Nigrelli, 1964; Rattner, 1982; Scaps and Borot, 2000; Botté et al., 2013) , and some in which the activity remains steady as the temperature changes (Scaps and Borot, 2000; Phillips et al., 2002) . Results of the present study suggest that changes in the activity of the enzyme can be explained by changes in ChE-IR. Since ChE-IR affects an animal's susceptibility to anticholinesterases, it is reasonable to infer that species in which ChE activity declines with increasing temperature, e.g. the reef fish Acanthochromis polyacanthus (Botté et al., 2013) and the polychaete Nereis diversicolorv (Scaps and Borot, 2000) , are more sensitive to anticholinesterases at higher temperatures, whereas those in which ChE activity increases with temperature, e.g. the walleye Stizostedion vitreum (Phillips et al., 2002) , are more sensitive to anticholinesterases at lower temperatures.
According to the study conducted by Yang (2010) , the ChE from Daphnia magna showed an 80% decline in activity at 25 °C 24 h after it was sampled, but the enzyme showed only an 8.6% decline in terms of ChE-IR, and the rate of decline was only 31% 7 d after sampling. It seems that ChE is more stable as an antigen than as an enzyme. To explore the sensitivity of the antigen towards repeated freezing and thawing, ChE-IR was tested in this study before and after the treatment. Repeated freezing and thawing had no influence on the test results of ChE-IR (Table 7) . This suggests that collected specimens can be frozen and thawed repeatedly before they are used for testing of ChE-IR, so there is no need to subpackage them before they go through cold storage.
Conclusions
Taking 5'-CCCYGGNGCSATGATGTG-3' as forward primer and 5'-GYAAGTTRGCCCAATAT CT-3' as reverse primer, PCR products of about 250, 700, and 1200 bp were obtained in this study, based on the cDNA of Daphnia magna. The DNA segments were connected to pMD19-T and then introduced into E. coli DH5α. The transfected cells were sent for gene sequence analysis and results of the analysis indicated a 717-bp nucleotide ORF that encoded a putative protein consisting of 239 amino acid residues. Sequence alignment at amino acid level indicated that it contained two conserved carboxylesterase domains, i.e. the characteristic site 2 of carboxylesterase B and the serine activity site of carboxylesterase B. The sequence was then inserted into plasmid pET-29a(+) and an efficient procedure was developed for expression of pET-29a(+)-ChE within E. coli BL21 (DE3). Results of SDS-PAGE indicated a major band with a molecular weight of 26 kDa. The recombinant protein ChE was found to be able to hydrolyze propionylthiocholine, but it was virtually inactive towards acetylthiocholine.
For the purpose of producing anti-ChE antibodies, the purified recombinant protein ChE was used as an antigen to immune BALB/c mice. The antiserum obtained was tested for its specificity towards crude enzymes from animals of various species. Taking the titer for Daphnia magna as a reference, the rates of cross-reaction were 33.33%, 18.67%, 5.33%, 3.53%, 3.07%, 0.87%, 2.20%, 2.33%, and 0.67% for Alona milleri, Macrobrachium nipponense, Bombyx mori, Chironomus kiiensis, Apis mellifera, Eisenia foetida, Brachydanio rerio (brains), Brachydanio rerio (whole bodies without brain), and Xenopus laevis (tadpoles), respectively. This revealed that the antiserum had specificity suitable for detecting ChE in Daphnia magna and species that belong to the Class Crustacea.
A type of indirect and non-competitive ELISA was developed for testing ChE-IR in Daphnia magna. Results of the test on "0" samples indicated a detection limit of 14.5 ng/ml. Tests on repeatability indicated an inter-batch RSD of 3.17 and an intra-batch RSD of 3.90.
ELISA was used to test ChE-IR in Daphnia magna exposed to sublethal concentrations of triazophos and those acclimatized to different water temperatures. Maximal induction of 57.2% in terms of ChE-IR was detected on the second day after the animal was exposed to a concentration of 2.10 μg/L triazophos. ChE-IR was found to be induced by 16.9% at 16 °C compared with the value detected at 21 °C, and the rate of induction was found to be 25.6% at 10 °C. ELISA was also employed for testing of stability of ChE-IR in collected samples. It seemed that repeated freeze-and-thaw had no influence on the outcome of the test. All these results suggest that the polyclonal antibodies developed against the recombinant ChE are as efficient as those developed against the native ChE in detecting the ChE content of Daphnia magna.
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